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ABSTRACT
Using a stellar population-synthesis method, we studied the distributions of νmax and ∆ν
of simulated clusters with various ages and metallicities. Except for the confirmed peak (RC
peak) of ∆ν of red-clump (RC) stars, i.e. core-helium burning stars, there are a gap and a
main sequence (MS) peak in the distributions of νmax and ∆ν of young clusters. The gap
corresponds mainly to the Hertzsprung gap phase of evolution. The RC peak is caused by
the fact that the radius of many RC stars near the zero-age horizontal branch concentrates in a
certain range. The MS peak also results from the fact that many MS stars which are located
in a certain mass range have an approximate radius in the early phase of MS. The MS peak
barely exists in the simulated clusters with age . 1.0 Gyr. The location of the MS peak moves
to a lower frequency with increasing age or metallicity, which may be applied to constrain the
age and metallicity of young clusters. For the simulated clusters with Z = 0.02, the frequency
of the location of the dominant RC peak increases with age when age < 1.2 Gyr, and then
decreases with age when age > 1.2 Gyr; but it scarcely varies when age > 2.4 Gyr. This is
relative to the degeneracy of the hydrogen-exhausted core at the time of helium ignition. In
addition, the RC peak is not sensitive to the metallicity, especially for the clusters with age
> 2.4 Gyr. Asteroseismical observation for clusters with age . 2.4 Gyr may aid in testing
the theory of the degeneracy of the hydrogen-exhausted core. Moreover, for the clusters with
1.1 M⊙ < Mhook < 1.3 M⊙, there are a MS gap and a peak on the left of the MS gap in
the distributions of νmax and ∆ν, which may be applied to constrain the central hydrogen
abundance of stars in the MS gap and the peak.
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1 INTRODUCTION
Each low-degree p-mode of solar-like oscillations carries unique
information about the stellar interior. Thus asteroseismology has
the capability to probe the interior of stars and to determine the
fundamental parameters of individual stars (Ulrich 1986; Gough
1987; Christensen-Dalsgaard 2002; Eggenberger & Carrier 2006;
Yang & Meng 2010). However, it is more difficult to extract solid
estimates of individual frequencies than to extract the mean large
frequency separation (∆ν) and the frequency of maximum seis-
mic amplitude (νmax). Fortunately, the ∆ν and νmax also al-
low us to determine the fundamental parameters of stars (mass
and radius) to within a few percent (Kjeldsen & Bedding 1995;
Stello et al. 2009a,b). Moreover, the property of frequency separa-
tions has been studied by many investigators (Ulrich 1986; Gough
1987; Gabriel 1989; Roxburgh & Vorontsov 2000; Yang & Bi
2007; Yang & Meng 2009). Asteroseismic parameters ∆ν and
⋆ E-mail: yangwuming@ynao.ac.cn; woomyang@gmail.com
νmax will be the primary parameters for asteroseismology. Us-
ing the data observed by the COnvection ROtation and plane-
tary Transits (CoRoT) (Baglin et al. 2006), Hekker et al. (2009) and
Mosser et al. (2010) extracted the νmax and ∆ν of more than 900
red giant stars. By making use of the νmax and ∆ν, Kallinger et al.
(2010) and Mosser et al. (2010) derived information on the mass
and radius of the oscillating stars. In addition, the distributions
of the νmax and ∆ν have been applied to test stellar popula-
tion synthesis models (Miglio et al. 2009; Yang, Meng & Li 2010)
and physical processes such as mass loss and binary interactions
(Yang, Meng & Li 2010). Asteroseismology has significantly ad-
vanced the theory of stellar structure and evolution.
Since stars in a cluster are believed to have uniform age
and chemical compositions, research on solar-like oscillations in
cluster stars as a uniform ensemble will strengthen our ability to
constrain stellar models and improve our understanding of stel-
lar evolution and interior physical processes (Stello et al. 2010b;
Gilliland et al. 2010). This potential has led to many attempts
to detect solar-like oscillations in clusters (Gilliland et al. 1993;
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Gilliland 2008; Edmonds & Gilliland 1996; Stello et al. 2007;
Frandsen et al. 2007; Stello & Gilliland 2009). Strong evidence for
the excess power of oscillations has been found in the red giants of
a few clusters, such as open cluster M67 (Stello et al. 2007), globu-
lar cluster 47 Tucanae (Edmonds & Gilliland 1996) and NGC 6397
(Stello & Gilliland 2009), but oscillation frequencies were not
claimed by these authors. Thanks to the Kepler mission (Koch et al.
2010), there are four open clusters in the Kepler field of view,
NGC 6791, NGC 6811, NGC 6866 and NGC 6819 (Gilliland et al.
2010), which span a range in metallicity and age enclosing solar
values. Solar-like oscillations have been clearly detected by Ke-
pler Mission in a large sample of red giants in the cluster NGC
6819 (Stello et al. 2010a). The values of νmax and ∆ν for the clus-
ter stars were extracted firstly by Stello et al. (2010a). In future
observations, oscillations in subgiants, i.e. Hertzsprung gap stars,
and main sequence (MS) stars in these clusters could be measured
by the Kepler Mission (Stello et al. 2010a; Gilliland et al. 2010;
Stello et al. 2010b). Moreover, the PLAnetary Transits and Oscilla-
tions of stars mission (PLATO) (Roxburgh et al. 2007; Catala 2009)
will monitor more than 100,000 bright (mV ≤ 11) stars of all spec-
tral types, which can provide a large sample of stellar oscillations.
Having seismic parameters among a large sample of cluster stars at
various stages of evolution will allow us to have independent con-
straints on the cluster age and test the various physical processes
that govern stellar evolution (Gilliland et al. 2010). Because the ob-
servational accuracy for νmax and ∆ν is very high (for example,
the uncertainty of CoRoT is about 0.75 µHz for ∆ν of giant stars
(Mosser et al. 2010)) and seismic data do not suffer from uncer-
tainties in distance or extinction and reddening, asteroseismology
could thus provide more stringent constraints on the cluster age
than classical approaches.
In this paper, by making use of a stellar population-synthesis
method, we studied the characteristics of distributions of the νmax
and ∆ν of clusters with various metallicities and different ages.
We used the Hurley rapid evolution codes (Hurley, Pols & Tout
2000; Hurley, Tout & Pols 2002) to construct stellar models
for stellar population synthesis, and we used Eggleton’s stel-
lar evolution code (Eggleton 1971, 1972, 1973), as updated
by Han, Podsiadlowski & Eggleton (1994) and Pols et al. (1995,
1998), to obtain the details of a model, such as the central hy-
drogen abundance. The Hurley codes can rapidly reproduce stellar
models computed by using the Eggleton’s stellar evolution code.
The equation of state of Eggleton, Faulkner & Flannery (1973) as
modified by Pols et al. (1995), OPAL (Rogers & Iglesias 1992) and
Alexander & Ferguson (1994) opacity tables, and standard mixing-
length theory are used in the Eggleton’s code. The value of the
mixing-length parameter α and convective overshooting parameter
δov (Pols et al. 1998) is set as 2.0 and 0.12, respectively. However,
element diffusion for helium and metals is not taken into account.
In addition, the theoretical νmax and ∆ν were calculated by using
scaling equations (Brown et al. 1991; Kjeldsen & Bedding 1995)
νmax = 3050
M/M⊙
(R/R⊙)2
√
Teff/5777K
µHz , (1)
and
∆ν = 134.9
(M/M⊙)
1/2
(R/R⊙)3/2
µHz . (2)
The accuracy of these estimates is good to within 5% for a star
given mass, radius and effective temperature (Stello et al. 2009a).
The paper is organized as follows. We show our stellar
population-synthesis method in section 2. We present the results
in section 3 and discuss and summarize them in section 4.
2 STELLAR POPULATION SYNTHESIS
To simulate the distributions of νmax and ∆ν of clusters with dif-
ferent metallicities and various ages, we have performed detailed
Monte Carlo simulations for a binary-star stellar population (BSP).
The basic assumptions for the simulations are as follows. The log-
normal initial mass function (IMF) of Chabrier (2001) is adopted.
Firstly, we generate the mass of the primary, M1, according to the
IMF. For simplicity, the ratio (q) of the mass of the secondary to
that of the primary and eccentricity (e) are assumed to be a uniform
distribution within 0-1. The mass of the secondary star is then de-
termined by qM1. We assume that all stars are members of binary
systems and that the distribution of separations is constant in log a
for wide binaries and falls off smoothly at close separation:
an(a) =
{
αsep(a/a0)
m a ≤ a0,
αsep, a0 < a < a1,
(3)
where αsep ≈ 0.070, a0 = 10R⊙, a1 = 5.75× 106R⊙ = 0.13pc
and m ≈ 1.2. This distribution implies that the number of wide
binary systems per logarithmic interval is equal, and that approxi-
mately 50% of the stellar systems are binary systems with orbital
periods less than 100 yr (Han, Podsiadlowski & Eggleton 1995).
With these assumptions, we calculated the evolutions of 5×104
binaries with M1 between 0.8 and 5.0 M⊙ to obtain their mass,
radius and effective temperature. The νmax and ∆ν of these stars
were calculated using equations (1) and (2).
3 CALCULATION RESULTS
Figure 1 shows the histograms of νmax and ∆ν of simulated clus-
ters with the same metallicity (0.02) but different ages. Stars hotter
than the red edge of the instability strip (Cunha 2002) are generally
not expected to exhibit solar-like oscillations. The red edge locates
roughly between 6500K and 7000K in our models. The character-
istics of theoretical acoustic modes of these stars were studied by
Audard & Provost (1994) and Stello et al. (2009a). They showed
that the theoretical large separation ∆ν of these stars could be ob-
tained from their mean density with an uncertainty of about 10 per
cent. Some stars on the left of the red edge may oscillate as rapidly
oscillating Ap (roAp) stars (Cunha 2002; Balona et al. 2010). A
pattern of nearly equally spaced frequencies and low frequencies
may exist in these stars (Balona et al. 2010). In our sample, these
stars occur mainly in clusters with age . 2.0 Gyr and are not dis-
carded. However, in order to distinguish them from stars expected
to exhibit solar-like oscillations, they are shown in black in Figs. 1,
2, 6, 7 and 8. Moreover, the histograms of ∆ν of red-clump (RC)
stars, i.e. core-helium-burning stars, first giant branch (FGB) stars,
subgiants and MS stars of the clusters with age = 1.0 and 5.0 Gyr
are plotted in Figs. 2 and 3, respectively.
3.1 Gaps
Figure 1 shows that the distributions of νmax and ∆ν of young
clusters are obviously different from those of old clusters. A notable
characteristic of the distributions is that there is a gap (RC-MS gap)
between the histogram of RC stars and that of MS stars. This gap
c© 2010 RAS, MNRAS 000, 1–??
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becomes wider with increasing age. It nearly disappears when age
> 5 Gyr.
In spite of this fact, there are many stars hotter than the red
edge of the instability strip. For the cluster with age = 0.5 Gyr,
the RC-MS gap is located in the range about 6-18 µHz for ∆ν
and about 80-240 µHz for νmax. For the cluster with age = 1.0
Gyr, Fig. 2 shows that the values of ∆ν are basically located in the
range about 1-10 µHz for RC stars and FGB stars, and in the range
about 10-30 µHz for subgiants, while the values are mostly larger
than 20 µHz for MS stars. In addition, the number of subgiants is
very small in this cluster, which leads to the appearance of the gap
between about 10 and 20 µHz. For the cluster with age = 5.0 Gyr,
Fig. 3 shows that the values of ∆ν are almost uniformly distributed
in the range of about 1-34 µHz for FGB stars and that of about
34-50 µHz for subgiants, and that the values are mostly larger than
50 µHz for MS stars. However, the ∆ν of RC stars is almost con-
centrated in a narrow range of 1-6 µHz. Thus, although the number
of RC stars is less than that of FGB stars and that of subgiants (see
Fig. 4), the RC-MS gap still exists in the distribution of ∆ν. It be-
comes wider in comparison with that in the cluster with age = 1.0
Gyr. However, Fig. 1 shows that the RC-MS gap of clusters with
age < 2.0 Gyr can be affected by the stars hotter than the red edge
of the instability strip. If these stars are discarded, the RC-MS gap
should be significantly enlarged. But for the clusters with age &
2.0 Gyr, the distributions of νmax and ∆ν are not affected by these
stars.
The stars located in the RC-MS gap are primarily subgiants
for young clusters, but the stars located in the gap are mainly sub-
giants and FGB stars, with a small number of RC stars and of MS
stars for ‘middle-age’ clusters. The number of subgiants and FGB
stars increases with age, which results in the gradual disappear-
ance of this gap with increasing age. The mass of stars in an old
cluster is less than that of the stars in the same evolutionary stage of
a younger cluster, which is partly due to a more significant mass-
loss for old stars, especially for the RC stars. In addition, except
the RC stars, for stars in the same evolutionary phase generally
the lower the mass, the higher the mean density, i.e. the larger the
∆ν. Thus with regard to the values of ∆ν of subgiants, FGB stars
on the bottom of a FGB and the MS stars at the end of a MS in-
crease with increasing age. But the values of∆ν of RC stars remain
in the range of about 1-10 µHz. Consequently, the RC-MS gap be-
comes wider with increasing age.
Moreover, Fig. 3 reveals clearly that another gap (MS gap)
exists in the histogram of MS stars. For the cluster with age = 5
Gyr, this gap is located in the range ∼ 53-65 µHz for ∆ν and ∼
920-1200 µHz for νmax. Our calculations show that the location of
this MS gap changes with age and that it mainly appears in clusters
with age & 4.5 Gyr. This MS gap corresponds to the hydrogen-
exhausted phase gap, or MS hook (Hurley, Pols & Tout 2000). For
stars with M > 1.1 M⊙, their core is convective. Owing to mixing
in the core there is a sudden depletion of fuel over a large region,
which leads to a rapid contraction of the core and expansion of
the radius on a thermal time-scale (Hurley, Pols & Tout 2000). This
causes the appearance of the MS hook in the Hertzsprung-Russell
diagram and the MS gap in the distributions of νmax and ∆ν.
There are some sharp edges in the distributions of νmax and
∆ν in Figs. 1 and 2. For example, the edge between the histogram
of ∆ν of MS stars and that of subgiants in the cluster with age =
3.0 Gyr in Fig. 1 and the edge of distribution of RC stars in Fig. 2.
For the cluster with Z = 0.02 and age = 3.0 Gyr, stars with M <
1.45 M⊙ are MS stars, while most stars with M > 1.45 M⊙ have
evolved into the MS hook or a later stage. For stars withM > 1.45
Figure 1. The histograms of νmax and ∆ν of simulated clusters with the
same metallicity but different ages. Models hotter than the red edge of in-
stability strip are shown in black, while cooler models are shown in light
gray.
M⊙, the time spent in the MS hook is a thermal time-scale, which
is far less than the time of hydrogen burning. Thus the number of
stars in the MS hook are few in our sample. In addition, the radius
of these stars expands very rapidly in the MS-hook stage, i.e. their
mean density decreases very fast, which leads to a dispersion of
their ∆ν in a wide range of ∼ 20-46 µHz. Therefore, there is a
sharp edge between the histogram of ∆ν of MS stars and that of
subgiants. For a RC star, its mean density is highest when it is on
zero-age horizontal branch (ZAHB). The evolution of a star from
c© 2010 RAS, MNRAS 000, 1–??
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Figure 2. The histograms of ∆ν of RC stars, FGB stars, subgiants and MS
stars of the simulated cluster with age = 1.0 Gyr. Black represents models
hotter than the red edge of instability strip, while light gray shows cooler
models.
Figure 3. Same as Fig. 2 but for the simulated cluster with age = 5.0 Gyr.
the top of FGB to ZAHB is very rapid. For the cluster with Z =
0.02 and age = 1.0 Gyr, the mass of RC stars is located almost
solely in the range ∼ 2.1-2.3 M⊙, while stars with lower mass are
mainly in the FGB or an earlier stage. The stars with mass between
∼ 2.1 and 2.2 M⊙ are very close to ZAHB. The values of ∆ν of
these stars are concentrated in the range∼ 6.0-7.0 µHz. Hence, the
distribution of ∆ν of RC stars has a sharp edge.
Fig. 4 represents the evolution of fractions of subgiants, FGB
and RC stars in a cluster. Our calculations show that the fractions of
FGB and RC stars are scarcely affected by metallicity. In clusters
with age < 1 Gyr, more than 90 per cent of red giants (including
only FGB and RC stars) are RC stars. But over 80 per cent of red
giants are FGB stars in clusters with age > 8.0 Gyr. However, the
fraction of RC stars is approximately equal to that of FGB stars in
clusters with age ≃ 2.5 Gyr, which is caused by the fact that for
low mass stars the time spent ascending the FGB is basically com-
parable with that of the core helium-burning of the more massive
stars in these clusters.
Figure 4. The evolution of the fraction f (in percentage) of different types
of stars of the simulated cluster with Z = 0.02. The fraction in the left panel
stands for ‘FGB over the total number of stars’. That in the right panel
indicates ‘FGB/(FGB+RC)’.
Figure 5. The histograms of the radius and mass of the simulated clusters
with Z = 0.02.
3.2 Peaks
Except for the gaps, Fig. 1 shows that there are three peaks in the
distributions of νmax and ∆ν of young clusters. One is at ‘low’ fre-
quencies (labeled RC peak), one is at ‘middle’ frequencies (labeled
MS peak), and another is at ‘high’ frequencies (labeled HF peak).
Figs. 2 and 3 display clearly that the RC peak derives mainly from
RC stars, and that the MS peak is from MS stars. The HF peak
derives also from MS stars and is caused by IMF. For MS stars
with the same age and metallicity, the lower the mass, the higher
the mean density, i.e. the larger the νmax and ∆ν. In addition, ac-
cording to IMF, the lower the stellar mass, the more the number of
stars. Thus there is a peak at ‘high’ frequencies. In our models, the
HF peak is caused by the stars with M ∼ 0.8 M⊙, which is the
lower limit of the initial mass of the primary star in a primordial
binary system. Because the mean density, i.e. the ∆ν, of a MS star
decreases with age, the location of the HF peak moves to a lower
frequency with increasing age. The HF and RC peaks exist in clus-
ters with different ages. However, the MS peak barely appears in
young clusters with age . 1 Gyr; and it disperses gradually with
increasing age.
A RC peak had been observed by CoRoT (Hekker et al. 2009).
When age > 2.0 Gyr, the dominant RC peak is located approxi-
mately between 2.5 and 4 µHz, which is not sensitive to age. How-
ever, when age < 2 Gyr, the location of the dominant RC peak is
sensitive to age. For example, the dominant peak is located at about
3.5-4.5 µHz for the cluster with age = 0.5 Gyr, whereas it is located
at about 6-7 µHz for the cluster with age = 1.0 Gyr. Moreover,
c© 2010 RAS, MNRAS 000, 1–??
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our calculations show that the dominant RC peak of the cluster
with age ≃ 1.2 Gyr is located at approximately 7-8 µHz, which
is higher than the values of other clusters. The RC peak is caused
by the fact that the radius of many RC stars near the ZAHB con-
centrates in a certain range. For example, the mass of RC stars of
the simulated cluster with Z =0.02 and age = 1.0 Gyr is almost uni-
formly distributed in the range 2.13-2.28 M⊙. However, most of
these stars have a radius in the range ∼ 9.3-10.5 R⊙, which results
in a concentration of ∆ν in the range of about 6-7 µHz.
In stars more massive than about 2.0 M⊙ (this value can be
affected by the convective overshooting parameter δov), helium-
burning temperatures are reached at the center before electrons be-
come degenerate there (Hurley, Pols & Tout 2000). For these stars,
when they reach the ‘ZAHB’, their mean densities decrease with
increasing mass, just like ZAMS. However, for stars with M <
2.0 M⊙, electrons in the hydrogen-exhausted core are highly de-
generate before helium ignition occurs. The radius of these stars on
the ZAHB depends mainly on the mass of the hydrogen-exhausted
core at the time of helium ignition and on the mass of the overly-
ing envelope. The mean density of these stars on the ZAHB does
not depend simply on the total mass, but it is usually less than the
mean density of stars with M ≃ 2.0 M⊙. Thus a ZAHB star with
M ≃ 2.0 M⊙ has the highest mean density. Furthermore, for stars
with M < 2.0 M⊙ the temperature and density distributions in the
core are almost unique functions of the core mass (Iben 1974). For
stars with M < 1.6 M⊙, when they reach the ZAHB, their ra-
dius and the mass of their envelopes decrease with the decrease
in the total mass, but the core mass is approximately equal. Their
mean densities are approximately equal too, which leads to a sim-
ilar value of ∆ν for these stars on the ZAHB. The mass of many
ZAHB stars in the cluster with Z = 0.02 and age≃ 1.2 Gyr is about
2.0 M⊙, hence the frequency of the dominant RC peak of this clus-
ter is larger than that of other clusters. The mass of RC stars in
clusters with Z = 0.02 and age > 2.4 Gyr is less than 1.6 M⊙, so
that the locations of the dominant RC peaks of these clusters are
almost same. The asteroseismical observation for red giant stars of
clusters with age . 2.4 Gyr may provide a help to test the theory
of the degeneracy of hydrogen-exhausted core. Differing from the
MS peak that exists only in young clusters, the RC peak exists in
almost all clusters. This is because the RC stars near the ZAHB
exist in clusters with different ages in our simulations.
The histograms of the radius and mass of clusters with age =
0.5 and 5.0 Gyr are shown in Fig. 5. The distributions of the mass
have only one peak, at about 0.8 M⊙, which is caused by IMF.
However, the distributions of the radius are similar to those of νmax
and ∆ν. There are three peaks in radius distribution of the cluster
with age = 0.5 Gyr. The ‘low-radius’ peak corresponds to the HF
peak of ∆ν, the ‘middle-radius’ peak to the MS peak of ∆ν, and
the ‘high-radius’ peak to the RC peak of ∆ν. However, when age
= 5 Gyr, there is no ‘middle-radius’ peak in the distribution of the
radius and also no MS peak in the distribution of ∆ν. This clearly
shows that the MS peak is caused by the fact that many young MS
stars have approximately the same radii, and the distribution of
∆ν is more sensitive to the distribution of the radius than to that of
the mass.
Moreover, Fig. 5 shows that both the ‘low-mass’ peak and
‘low-radius’ peak are significant for the cluster with Z = 0.02 and
age = 0.5 Gyr. They correspond to the HF peaks. However, Fig. 1
shows that the MS peaks of νmax and ∆ν are more significant than
the HF peaks. This is because the ∆ν of ‘low-mass’ stars decreases
more quickly with increasing mass than that of ‘middle-mass’ stars
in the cluster. For example, when the mass of a star with Z = 0.02
increases from 0.8 to 0.9 M⊙, its radius increases from approxi-
mately 0.727 to 0.806 R⊙ at 0.5 Gyr, which leads to a decrease of
about 17.5 µHz in the ∆ν of that star. However, when the mass
of a star increases from 1.55 to 1.65 M⊙, its radius increases from
1.566 to 1.644 R⊙, which results in a decrease of about only 3.5
µHz in the ∆ν of that star. Thus, although the number of stars
with mass between 0.8 and 0.9 M⊙ is about twice as much as that
of stars with mass between 1.55 and 1.65 M⊙, the interval of ∆ν
of the former is 5 times as wide as that of the latter. Therefore the
MS peaks are more significant than the HF peaks.
Using Eggleton’s stellar evolution code, we calculated the
evolutions of stars with Z = 0.02 and mass between 1.55 and 1.65
M⊙. Our calculations show that these stars have an approximate ra-
dius between 1.465 and 1.492R⊙ at the age of about 40 Myr, which
leads to almost the same mean density, i.e. almost the same ∆ν.
However, the mean density of a MS star decreases with age. Since
a high mass star evolves faster than a lower mass star, the mean
density of a star with M = 1.65 M⊙ decreases faster than that of a
star with M = 1.55 M⊙. Thus the ∆ν of stars with mass between
1.55 and 1.65 M⊙ disperses gradually with increasing age. For ex-
ample, the difference in ∆ν between these two models is about 3.5
µHz at the age of 0.5 Gyr, but it is about 8 µHz at the age of 1.0
Gyr. Thus a MS peak exists only in young clusters. It moves toward
a low frequency and disperses gradually with increasing age.
Figs. 1 and 3 show that there is another peak on the left of the
MS gap for the cluster with age = 5.0 Gyr. For stars with M <
1.3 M⊙, when their central convection ceases, the central hydro-
gen is not exhausted. The lower the mass, the more the remain-
ing hydrogen. Thus these stars can stay between the MS hook and
Hertzsprung gap for a long time, which leads to the presence of
a peak or bump between the RC-MS gap and the MS gap. For
the cluster with Z = 0.02 and age = 7.0 Gy, the peak can become
a bump. For stars with M > 1.3 M⊙, when the central convec-
tion ceases, the central hydrogen is almost exhausted. After the MS
hook, they evolve rapidly into the Hertzsprung gap. In addition, the
higher the mass, the shorter the thermal time-scale. Therefore the
number of stars in the MS gap of a ‘young’ cluster is less than that
in the MS gap of an ‘old’ cluster, and there is no the peak between
the MS gap and RC-MS gap in ‘young’ clusters. The MS hook
takes place after the central hydrogen abundance of stars decreases
to about 0.05. The central hydrogen abundance of stars in the MS
gap is about 0.05-0.001, but that of stars in the peak on the left of
the MS gap is less than 0.001. For clusters with Mhook > 1.3 M⊙,
the central hydrogen abundance of most stars in the lower boundary
of the histogram of the ∆ν of MS stars should be about 0.05. Thus
the asteroseismical observation for turn-off stars of ‘middle-age’
clusters is very important for testing theories of stellar evolution
and stellar population synthesis.
Moreover, Figs. 1 and 6 show that there is a sharp peak in
the distributions of the νmax and ∆ν of MS stars of clusters with
age = 5.0 and 8.5 Gyr. When age increases from 5.0 to 8.5 Gyr
for clusters with Z = 0.02, the location of the sharp peak moves
from about 2860 to around 1920 µHz for νmax and shifts from
about 130 to around 95 µHz for ∆ν. These peaks also exist in the
distributions of νmax and ∆ν of the cluster with Z = 0.008 and
age = 7.0 Gyr. These sharp peaks are derived from the models
with mass between approximately 1.02 and 1.04 M⊙ for all clus-
ters. The mean density of the models decreases with age. Thus,
the locations of the sharp peaks move from a high frequency to a
lower one. Using Eggleton’s stellar evolution code, we performed
detailed model calculations. We did not find any particularity in
the evolutions of the models with mass between 1.02 and 1.04
c© 2010 RAS, MNRAS 000, 1–??
6 Yang et al.
M⊙. Comparing evolutionary tracks computed using Eggleton’s
code with those computed using the Hurley code, we find that
the Hurley code cannot reproduce exactly the evolutionary tracks
of late phases of the MS of the models with mass between 1.02
and 1.04 M⊙. Nor can it reproduce well the mean densities of the
models. According to the Hurley code, the mean densities are
almost equal, which leads to the appearance of the sharp peaks. In
fact, the mean densities of the models as given by Eggleton’s code
are not equal. In any case, the sharp peaks that appear in the
application of the Hurley code are artefacts. Because the Hurley
code fails to reproduce well the mean densities of these models,
it in effect places the models one on top of another in the νmax and
∆ν plots. Nonetheless, the Hurley code can reproduce well the
mean density as well as the evolutionary tracks of early phases of
the MS of the models with mass between about 1.02 and 1.04 M⊙.
Thus the sharp peaks do not appear in the distributions of νmax and
∆ν of clusters with age ≤ 3.0 Gyr.
3.3 Effect of metallicity on peak locations
The distributions of νmax and ∆ν of clusters with Z = 0.03 and
0.008 are shown in Figs. 6 and 7, respectively. For young clusters,
these distributions have similar characteristics: a gap and three
peaks. Figs. 1, 6 and 7 show that the distributions of νmax and ∆ν
are obviously affected by metallicity. In spite of the fact that there
are many stars hotter than the red edge of the instability strip, Fig.
8 shows that the location of the dominant MS peak is sensitive
not only to age, but also to metallicity. When age increases from
0.5 Gyr to 1.0 Gyr, the frequency of the peak location decreases
from 83 µHz to 79 µHz for clusters with Z = 0.02, but decreases
from 98 µHz to 88 µHz for clusters with Z = 0.008. However, the
location of dominant RC peak is not sensitive to metallicity. For
example, for clusters with age = 1.0 Gyr, the peak location shifts
only ∼ 1 µHz when the metallicity decreases from 0.03 to 0.008.
In young clusters with age . 2.0 Gyr, there are many stars hotter
than the red edge of the instability strip. In a survey of solar-like
oscillations, these stars may be discarded. The location of the MS
peak would then be affected. For the cluster with Z = 0.008 and
age = 0.5 Gyr, the MS peak is mainly composed of such stars;
so there should exist no MS peak in the distribution of solar-like
oscillation frequencies. For clusters with Z & 0.02, however, the
stars hotter than the red edge of the instability strip are located
mainly on the left of the dominant MS peaks of νmax and ∆ν.
Hence a MS peak may exist in these clusters. The asteroseismical
observation of young clusters with a high metallicity, especially for
MS stars, may aid in determining the age and metallicity of these
clusters.
4 DISCUSSIONS AND CONCLUSIONS
In our simulations, we calculated the evolutions of 5×104 binaries
for a cluster. However, even though the number of initial models
decreases to 2000 binaries, our results are not affected. Stars hotter
than the red edge of the instability strip are not discarded in our
models, but they have been shown in black. For all clusters with
age & 2.0 Gyr except the one with Z = 0.008, the distributions of
νmax and ∆ν are not affected by these stars. Although these stars
are not expected to exhibit solar-like oscillations, they may exhibit
other kinds of oscillation.
The evolutions of wide binary stars are similar to those of sin-
gle stars. Strong binary interactions, such as mass transfer and mass
Figure 6. Same as Fig.1 but for Z = 0.03.
accretion, can lead to either a decrease or increase in the mass of
such binary stars. The νmax and ∆ν values of these stars can ob-
viously be changed. Thus for a specific binary system, the effect of
binary interactions on oscillations is significant. On the one hand,
however, the fraction of these interactive binary stars in our sam-
ples is very small. On the other hand, the effect of mass loss of
some stars on the distributions of νmax and ∆ν can be partly coun-
teracted by that of mass accretion of other stars. Therefore, the ef-
fect of binary interactions on the distributions of νmax and ∆ν is
not significant. We also calculated the BSP using Salpeter (1955)
IMF and other assumptions for q, e and a, such as n(q) = 2q,
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Figure 7. Same as Fig.1 but for Z = 0.008.
n(e) = 2e and n(log(a)) = constant (Hurley, Tout & Pols 2002),
and single-star stellar population. Our calculations show that results
are similar. Thus the assumptions concerning the BSP can not sig-
nificantly affect the distributions of νmax and ∆ν for the fraction
of interactive binary stars is not significantly enhanced.
The OPAL (Rogers & Iglesias 1992) used in the Eggleton
code is out of date. However, Chen & Tout (2007) show that the
effect of the differences between OPAL (Rogers & Iglesias 1992)
and OPAL (Iglesias & Rogers 1996) on the evolutions of low-mass
stars is negligible. Element diffusion for helium and metals is very
important in the evolution of solar-type stars, especially for astero-
Figure 8. The MS peaks of clusters with different ages and metallicities.
seismology. However, this effect cannot be considered in the Hur-
ley code. If this effect is considered, our results may be affected.
The distributions of νmax and ∆ν of RC stars can be affected
by the mixing-length parameter α (Yang, Meng & Li 2010). More-
over, the distributions can be affected by the overshooting param-
eter δov. The RC peak moves to a lower frequency when the δov
increases.
For the simulated clusters with a given age, the lower the
metallicity, the lower the mass of stars in the same evolutionary
phase. Thus the locations of the RC and MS peaks move to a higher
frequency when metallicity decreases. Furthermore, the radius of
MS stars is more sensitive to the initial metallicity than the radius
of RC stats; so the MS peak is more sensitive than RC peak to the
metallicity.
The age of the open clusters NGC 6866, NGC 6811, NGC
6819 and NGC 6791 is approximately 0.4, 1.0, 2.5 and 8.5 Gyr
(Stello et al. 2010b), respectively. The fraction of FGB and RC
stars in a cluster is scarcely affected by metallicity. According to
our calculations, about 90 per cent of red giants of NGC 6866 and
NGC 6811 could be RC stars, but about 80 per cent of red giants
of NGC 6791 could be FGB stars. In cluster NGC 6819, the frac-
tion of RC stars could be approximately equal to that of FGB stars.
For the cluster NGC 6791, because the values of the ∆ν of most
FGB stars are larger than those of RC stars, most FGB stars could
be distinguished by asteroseismical observation. The MS peak of
∆ν might be observed at about 85-95 µHz in NGC 6866, and the
dominant peak of RC stars could be located between 6 and 8 µHz
for NGC 6811.
For young clusters, there are three peaks and a gap in
the distributions of νmax and ∆ν. The gap corresponds to the
Hertzsprung gap in the Hertzsprung-Russell diagram. The MS peak
exists only in ‘young-age’ clusters. The dominant MS peak moves
to a lower frequency with increasing age or metallicity. Stars hot-
ter than the red edge of the instability strip are almost all located
on the left of the dominant MS peak for clusters with Z & 0.02.
In addition, for clusters with 1.1 M⊙ < Mhook < 1.3 M⊙, there
are a MS gap and a peak on the left of the MS gap in the distri-
butions of νmax and ∆ν. The RC peak is caused by the fact that
the radius of many RC stars near the ZAHB concentrates in a
certain range; and the MS peak is caused by the fact that the radius
of many young MS stars with mass in a certain range concentrates
c© 2010 RAS, MNRAS 000, 1–??
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in a certain range. In other words, in a cluster, the mean density
of many RC stars is approximately the same, which leads to the
RC peak; the mean density of many young MS stars with mass
in a certain range is approximately the same, which leads to the
MS peak. For clusters with Z = 0.02, the frequency of location of
the dominant RC peak increases with age when age . 1.2 Gyr. It
then decreases with age when age > 1.2 Gyr, but it scarcely varies
when age > 2.4 Gyr. The helium core of stars with M & 2.0 M⊙
is non-degenerate, but that of stars with M < 2.0 M⊙ is degener-
ate at the time of helium ignition, which results in the fact that the
change of the RC peak with age is different. The dominant peak
of RC stars of the cluster with MZAHB ≃ 2.0 M⊙ is located at
the highest frequency. The asteroseismical observation for clusters
with age . 2.4 Gyr may aid in testing the theory of the degeneracy
of hydrogen-exhausted core.
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